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Effects of Asbestos and Other Mineral Fibers
by J. Carl Barrett,* Patricia W. Lamb,* and
Roger W. Wiseman*
Asbestos and other mineral fibers are carcinogenic to humans and animals but differ from many carcino-
gens in that they do not induce gene mutations. An understanding ofthese interesting human carcinogens,
therefore, is an important problem in cancer research. Asbestos and other fibers induce predominately two
types of cancers: mesotheliomas and bronchogenic carcinomas. Fiber size is an important factor in the car-
cinogenic activity ofthese substances as has been shown formesothelioma induction. Forbronchogenic car-
cinomas, but not for mesotheliomas, a synergistic effect ofasbestos exposure and cigarette smoke has been
observed in humans. The mechanisms by which fibers alone versus fibers in concert with other carcinogens
induce cancers are probably distinct. In addition to fiber dimensions, fiber durability and surface properties
offibers are important properties affectingcarcinogenicity. Evidence exists that asbestos is acomplete car-
cinogen, an initiator and a promoter. Multiple mechanisms must be operative to explain the diverse effects
ofmineral fibers. Although asbestos is inactive as a gene mutagen, there is now clearevidence that it induces
chromosomal mutations (aneuploidy and aberrations) in a wide variety of mammalian cells including
mesothelial cells. Asbestos also induces transformation of cells in culture including mesothelial cells and
fibroblasts. Amechanism forcell transformation, which is dependent on fiberdimension, has been proposed.
The fibers are phagocytized bythe cells and accumulate in the perinuclear region ofthe cells. When the cell
undergoes mitosis, the physical presence ofthe fibers interferes with chromosome segregation and results
in anaphase abnormalities. The transformed cells show aneuploidy and other chromosome abnormalities.
These findings provide a mechanism at the chromosomal level by which asbestos and other mineral fibers
might induce cell transformation and cancer. Identification ofthe critical target genes in asbestoscarcinoge-
nicity is required to understand this process, and recent progress in this area has been made. Results from
several lines ofinvestigation suggest that two distinct classes of genes, protooncogenes and tumor suppres-
sor genes, are involved in the neoplastic process. In human mesothelioma, deletion ofthe short arm ofchro-
mosome 3 has been observed, which may result in the loss of a tumor suppressor gene on this chromosome.
Recent results from our laboratory have also shown that an activated transforming oncogene exists in hu-
man mesotheliomas. Further molecular analysis ofthese cancers may help in understanding these neoplasms
and the mechanisms of asbestos and other carcinogenic fibers.
Introduction
Asbestos and other mineral fibers are unusual and in-
teresting carcinogens. They are ubiquitous environmen-
tal substances that are clearly carcinogenic to humans
and to animals (1,2); butunlike most carcinogens, asbestos
fibers are not electrophilic or DNA damaging (3-5). The
mechanisms of action of this important class of carcino-
gens are little understood, although some of the impor-
tant factors that contribute to the carcinogenicity of as-
bestos are known (Thble 1).
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Asbestos and other mineral fibers are known to induce
predominantly two types of cancers in humans and
animals: mesotheliomas and bronchogenic carcinomas
(1,2). Stanton et al. (6,7) established that induction of
mesotheliomas in animals depends strongly on fiber size.
They showed that long(> 4.ipm) and thin (< 0.25 1im di-
ameter) fibers were much more carcinogenic than short
andthickfibers. Itis notclearwhetherthe samefiber size
dependence exists forthe induction ofbronchogenic car-
cinomas. Amajorfactorin asbestos carcinogenicity ofthe
lung is the synergism between asbestos and cigarette
Table 1. Important factors in carcinogenicity ofasbestos and other
mineral fibers.
Tumor Factor
Mesotheliomas Fiber size dependence
Bronchogenic carcinomas Synergism with cigarette smokingBARRETT, LAMB, AND WISEMAN
Table 2. Fiber properties affecting carcinogenicity.
Fiber dimensions
Fiber durability
Surface properties offibers
smoking (8,9). Asbestos is a complete carcinogen in the
lung, but amultiplicative effect on lung cancers in humans
is observed with cigarette smoke and asbestos exposure
(1,8-10). Tb understand the action ofasbestos in the lung,
it is therefore important to elucidate how asbestos works
alone as well as synergistically with cigarette smoking.
Multiple mechanisms ofaction may be operative. The syn-
ergism observed with asbestos and cigarette smokingfor
lung cancers is not observed for mesotheliomas (9,11).
Therefore, for different target cells and eventhe same tar-
get cells under different conditions, the mechanisms ofac-
tion of asbestos may vary.
Several intrinsic properties of different asbestos and
other mineral fibers may affect their carcinogenicity (Ta-
ble 2). The importance of fiber dimensions has already
been mentioned. Fiber durability also appears to be im-
portant(2,3). Some fibers arereadily dissolved invivo and
therefore have a reduced biological activity (3,12). In ad-
dition to the physical state ofthe fibers, the physicochem-
ical surface properties ofthe same fibers maybe quite im-
portant (2,3,13,14). An interesting example is erionite, a
zeolite mineral, which is a very potent inducer of
mesotheliomas in humans and animals (15-18). The Stan-
ton hypothesis offiber dimension is operative for erionite
fibers, i.e., short fibers are relatively inactive, but long
fibers are far more potent than other fibers ofcompara-
ble size (16). Therefore, additional properties of this
mineral fiber must be important. Other types of fibers
also exhibit activity that isfiber-size dependent but can-
notbe explained strictly on the basis ofsize. Thegenera-
tion ofoxygen free radicals atthe surface ofcertain fibers
may offer an explanation for the importance of surface
properties (19,20).
Asbestos and Multistage
Carcinogenesis
One way to investigate the mechanism oftumor induc-
tion by asbestos and other mineral fibers is to determine
the stage or stages in the multistep process of neoplas-
tic development at which the fibers operate. A review of
ourunderstanding ofasbestos in multistage carcinogen-
esis reveals that asbestos must have multiple mechanisms
of action.
Evidence exists that asbestos is a complete carcinogen,
an initiator and apromoter. The data implicating asbestos
as a complete carcinogen and as an initiator are summa-
rized in Table 3. Asbestos alone appears from epidemio-
logical studies to be acomplete carcinogen in humans, in-
ducing mesotheliomas and lung cancers (1,2). In animals,
asbestos is clearly a complete carcinogen, inducing the
same types of tumors observed in humans (1,10).
Epidemiological studies have shown thatthe incidence of
mesotheliomas in exposed populations is independent of
Table 3. Evidence for complete carcinogenic and initiating
activity of asbestos.
Asbestos is a known human carcinogen
Asbestos and other mineral fibers are complete carcinogens in
animals bymultiple routes ofexposure includingintrapleural and in-
traperitoneal injection, inhalation, and tracheal transplants
Incidence ofmesotheliomas in exposed populations is independent
ofthe age offirst exposure, which is consistent with the hypothesis
that asbestos affects an early stage in the carcinogenic process
Asbestos is inactive as agene mutagenbut induces chromosomal mu-
tations(aneuploidy andaberrations) in awidevarietyofmammalian
cells
Asbestos induces transformation ofhuman and rat mesothelial cells
and hamster fibroblast cells in culture
age atfirst exposure, consistent with the hypothesis that
asbestos affects an early stage inthe carcinogenicprocess
(21,22). On the other hand, it has been argued that as-
bestos mustnot act as aninitiatorbecause itlacksmuta-
genic activity, aproperty ofmostinitiators. Although as-
bestos is not active as agene mutagen in avarietyoftest
systems, there is now clear evidence thatit induces chro-
mosomalmutations(aneuploidy andaberrations)inawide
variety of mammalian cells, including mesothelial cells
(3-5,23-31). Finally, it has been shown that asbestos can
induce transformation of cells in culture, including
mesothelial cells and fibroblasts (29,32-36). Evidence
exists with these model systems that the mechanism of
asbestos-induced cell transformation involves a chro-
mosomal mutation (23,29,36). ITken together, this evi-
dence indicates that asbestos andothermineral fibers are
complete carcinogens with tumor initiating activity for
certain cancers.
Considerable evidence also exists fortumor-promoting
activity associatedwithasbestos andothermineralfibers
(Thble 4). The marked synergism between asbestos ex-
posure and smokingfortheriskoflung cancerinhumans
has been cited as evidence for a tumor-promoting effect
ofasbestos(2). However, otherexplanations are possible
forthiseffect: a)asbestos acts as aninitiatorandcigarette
smoke as apromoter; b)asbestos acts as atumorprogres-
sor for lung cancer rather than as a classical tumor pro-
moter; or c) asbestos and the carcinogens in cigarette
smoke act as cocarcinogens.
A cocarcinogenic effect ofasbestos and polycyclic aro-
matic hydrocarbons has been demonstrated in animals
(1,2). Apromotionlike effect ofasbestos has been demon-
Table 4. Evidence for tumor-promoting activity of asbestos and
other mineral fibers.
Marked synergism exists between asbestos exposure and smoking
for risk oflung cancer in humans
Rodents exposed by instillation to a combination of asbestos and
chemical carcinogens such aspolycyclic aromatichydrocarbons have
synergistic incidence oflung cancers (cocarcinogenic effect)
Asbestos enhances DMBA-induced carcinomas in heterotopic
tracheal transplants in rats
Asbestos-induced changes in target tissues similar to those observed
with tumor promoters such as hyperplasia, metaplasia, DNA syn-
thesis, induction ofornithine decarboxylase, and stimulation ofpro-
duction of oxygen free radicals
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strated for DMBA-induced carcinomas in heterotopic
tracheal transplants in rats (37). However, in this system
asbestos also has a complete carcinogenic activity. As-
bestos induces changes in target tissues and in some cells
in culture similar to those observed withphorbol ester tu-
mor promotors (19,20,38,39). The mechanisms by which
asbestos and other mineral fibers might act as tumor
promoters are no doubt quite different from the clasto-
genic and carcinogenic effects described earlier. No sin-
gle mechanism ofaction can be ascribed to asbestos, and
like other potent carcinogens, these compounds exhibit
multiple activities, many ofwhich may contribute to car-
cinogenicity.
Further elucidation of the mechanism of action of
mineral fibers, therefore, requires model systems in which
a specific action canbe studied. Several systems exist to
study the cellular effects ofasbestos (40). These have been
used to study the action ofasbestos as a possible tumor
promoter and as an inducer of cell transformation.
Mechanisms of Asbestos-induced
Cell Transformation
Because asbestos and other mineral dusts were known
to have toxic and chromosome damaging effects on cells
in culture (40), several investigators were interested in
whether these substances could induce cell transforma-
tion. Although asbestos is inactive as a gene mutagen in
mammalian cells(3-5), it is able to induce heritable alter-
ations in the growth properties ofnormal cells in culture
resulting inneoplastic transformation ofthe treated cells
(3-5).
Thomas Hesterberg, working in ourlaboratory, used an
in vitro cell transformation system that employs early
passage, diploid Syrian hamster embryo cells to address
two questions concerningthe mechanisms ofasbestos car-
cinogenicity: the role offiber dimension in the induction
ofcell transformation, and the role ofgenetic events in the
heritable induction ofcell transformation. The first ques-
tion is important in determining the extent to which the
induction of cell transformation resembles the induction
of mesotheliomas in vivo, which is highly dependent on
fiber size (6,7), while the second explores the mechanism
of asbestos carcinogenicity. The lack of activity in most
gene mutation assays predicts that either asbestos acts
by an unusual genetic mechanism or by an epigenetic
mechanism. Our results support the hypothesis that
mineral dusts induce cell transformation via a chro-
mosomal mutation.
We observed that chrysotile and crocidolite asbestos in-
duced dose-dependent morphological transformation
(Figs. 1 and 2) and neoplastic transformation of Syrian
hamster embryo cells, which was indistinguishable from
the cell transformation inducedby other carcinogens such
as benzo[a]pryrene (32). However, asbestos failed to in-
duce gene mutations at two specific genetic loci in these
cells (Table 5). Oshimutra et al. (23) showed that the
mineral fibers were active in inducing both numerical and
structural chromosomal aberrations (Table 6).
Table 5. Specific locus mutation and toxicity ofSyrian hamster embryo cells after treatment with transforming doses of asbestos and
benzo[a]pyrene.
Relative Mutation frequencyb
Dose, survival,
Treatment l*g/cm2 %a l, 1r TGr
Control 0 100 <10-6 <10-6
Chrysotile 1.0 41 <10-6 <10-6
Chrysotile 2.0 28 < 10-6 <10-6
Crocidolite 1.0 69 <10-6 <10-6
Crocidolite 2.0 41 <10-6 <10-6
Benzo[a]pyrene 1 jAg/mL 69 1.5 0.7) x 10-4 1.0 (± 0.4) x 10-4
aMeasured immediately after treatment.
bCorrectedforrelative survival measured aftermutantexpressionperiod. These data werereproduced from Oshimura et al. (23) withpermission.
Table 6. Cytogenetic effects of 2 ,g/cm2 ofvarious mineral dusts on Syrian hamster embryo cells in vitro (23).
Aneuploid Cells with Tetraploid Binucleated
Transformation cellsb Chromosome micronucleid cellsd'e cells
Treatment frequencya % aberrationsc % S %
Control 0 1.7 1 0.3 5 0.3
Chrysotile 6.2 12.5* 5 2.6* 33* 25.0*
Crocidolite 4.6 9* 4 1.1* 14* 11.2*
Fiberglassf 3.0 7* 4 3.0* 20* 18.4*
Milled fiberglass 0 2 1 0.5 6 0.4
Alpha quartz 0 3 1 0.5 5 0.3
aCited from Hesterberg and Barrett (32). The transformation frequency was calculated by dividing the number ofmorphologically transformed
colonies by the total number colonies examined x 1000.
bThis represents the percentage of metaphases that contained a near-diploid number of chromosomes.
cPercentage ofmetaphases containing the followingaberrations: chromatid breaks, isochromatid breaks, chromosome fragments, chromatid exchanges,
or dicentric chromosomes.
dFor each treatment group, 1000 cells were scored.
eCells with a tetraploid (4N = 88) or near tetraploid (70-100) number of chromosomes.
'This fiberglass was obtained from Johns Manville (Code 100) and processed as described previously (32).
*Statistically significant from the control, p < 0.5, Fisher's exact test.
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FIGURE 1. Morphologies ofcolonies ofSyrian hamster embryo cells. Light microscope photographs show (A) a normal colony at 50 x, (B) a chryso-
tile asbestos-transformed colony at 42 x, (C) a crocidolite asbestos-transformed colony at 27 x, and (D) a code 100 glass fiber-transformed colony
at 27 x after fixation in absolute methanol and staining in 10% Giemsa 7 days after treatment.
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FIGURE 2. Effects ofdifferent doses ofchrysotile (0) and crocidolite (@)
asbestos on the transformation frequency ofSyrian hamster embryo
cells in culture. Reproduced from Hesterberg and Barrett (32) with
permission.
Similar to the induction ofmesotheliomas in vivo, cell
transformation by mineral fibers was dependent on fiber
size (Fig. 3). Transforming activity ofthe fibers was lost
when thefiberswere shortenedto < 1mminlength. Mill-
ing decreased thefiberlengthfrom 16.0 + 1.7 ,mbefore
milling to 0.95 + 0.12pm after milling(32). The average
diameter ofthe fibers(r- 0.18,um)wasunchanged bymill-
ing. Thisfigure shows that milling completely eliminated
the transforming ability ofglass fibers, suggesting that
fiber length is important in the induction oftransforma-
tion. The relative potencies ofmineral dusts in the induc-
tion of cell transformation in vitro is similar to their
potencies inthe induction ofmesotheliomas invivo. Thus,
this cell transformation system provides a unique model
for studying the mechanisms ofmineralflbertumorigen-
esis. The chromosome damage induced by fibers was like-
wise fiber-length dependent (Table 6).
Asbestos induces aneuploidy in the treated cells, caus-
inglosses and gains ofindividual chromosomes. We have
proposed a mechanism for this type of genetic change
(23,33,41). In collaboration with Arnold Brody, we showed
that asbestos fibers are taken up by the cellswithin 24 hr
after treatment by phagocytosis (41); the intracellular
fibers accumulate around the perinuclear region of the
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cells 24 to 48 hrafterexposure (Fig. 4). Whenthe cells un-
dergo mitosis, the physical presence ofthe fibers results
in interference with chromosome segregation. Analysis
of anaphases in chrysotile-exposed cells (42) reveals a
large increase in the number of cells with anaphase ab-
normalities, including lagging chromosomes, bridges, and
sticky chromosomes (Fig. 5). Asbestosfibers areobserved
in the mitotic cells and appear, in some cases, to interact
directly with the chromosomes. From these studies we
propose that the physical interaction of asbestos fibers
with the chromosomes or structural proteins ofthe spin-
dle apparatus causesmissegregation ofchromosomes dur-
ing mitosis, resulting in aneuploidy. These findings pro-
vide a mechanism, at the chromosomal level, by which
asbestos and othermineralfibers mightinduce cell trans-
formation and cancer(23,33,41,42). This hypothesis is sup-
ported by the finding ofanonrandom trisomy ofchromo-
some 11 in asbestos-transformed Syrian hamster cells
(43).
Lechner et al. (29-31) have shown that asbestos fibers
alterthe growth properties ofnormal humanmesothelial
cells, and this is associated with chromosomal changes in
the treated cells. Paterour et al. (35,36) have also shown
asbestos-induced transformation and chromosomal
changes inratmesothelial cellsinculture. Thus, it appears
that asbestos fibers can alter the growth properties of
fibroblast andmesothelial cellsinculture, resultinginneo-
plastictransformation ofthe cells. Asbestosfibersalso in-
duce chromosomal changes in the treated cells, and a
chromosomal mutation is alikelymechanism for asbestos-
induced cell transformation.
In each ofthe systems described, asbestos-induced neo-
plastic transformation is a multistep process. Asbestos
treatment of the cells heritably alters their growth
properties; these altered cells arepreneoplasticandmust
undergo additional changes before they acquire neoplas-
tic potential (32). This process has been studied in detail
in our laboratory for asbestos and other carcinogen-
induced neoplastic progression of Syrian hamster cells
(44).
Onepathway ofneoplastic transformation isdepicted in
Figure 6. The earliest observable carcinogen-induced
change isthemorphologicaltransformation showninFig-
ure 1. Normal Syrian hamster embryo cells have a flat
morphology and grow in an orderly array in parallel,
swirlingpatterns. Ifsubculturedfor 10 to 20passages(30
to 40 population doublings), the normal Syrian hamster
embryo cells enlarge and cease proliferation (termed cel-
lular senescence). If exposed to a chemical carcinogen,
colonies ofcells (Fig. 1) are observed with atransformed
morphology (criss-crossed growthwith cellspilingon top
ofeach other, increased basophilia, and increased nuclear-
cytoplasmic ratio). When isolated, some ofthese colonies
escape cellular senescence andgrow indefinitely (termed
immortality). These altered cells are nontumorigenic but
afterfurthergrowth, new variant cells appear thatgrow
in soft agarandproduce tumors when injected into nude
mice or syngeneic hamsters. The immortal cells have an
increased propensity to develop into tumorigenic cells,
and hence the immortal cell population is termed inter-
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FIGURE 3. Effects of different doses ofunmilled Code 100 glass fibers
(0) or milled code 100(0) on transformation frequency ofSHE cells
in culture. Reproduced from Hesterberg and Barrett (32) with per-
mission.
mediate or preneoplastic (45,46).
Our studies indicate that following carcinogen treat-
ment, neoplastic progression of these cells requires at
leastthreeheritable changes: inductionofimmortality, ac-
tivation of a transforming oncogene, and inactivation of
a tumor suppressorgene (45,46). The multistep nature of
neoplastic transformation with chemical carcinogens is
consistent with the findings that two cooperating on-
cogenes (e.g., ras plus myc) are required for neoplastic
conversion ofprimary rat cells and with the hypothesis
that these two oncogenes influence immortality and neo-
plastic conversion, respectively (46). In fact, analysis of
asbestos-induced Syrian hamster tumor cell lines show
that activated H-ras oncogenes are present in approxi-
mately 50% ofthe tumor-derived cell lines while the non-
tumorigenic immortalized cell lines lack the activated H-
ras oncogene (47). Asbestos induces the first steps in the
neoplastic process ofthese cells, i.e., morphological trans-
formation and immortalization, and the H-ras gene mu-
tation may occur many months later when the cells ac-
quiretumorigenicity. Therefore, the H-ras gene mutation
is not a direct result of the asbestos treatment, but it
arises as asecondary, spontaneous change inthe asbestos-
induced preneoplastic cells. The ras genes are activated
by point mutations and convert immortal preneoplastic
cells to thetumorigenic state(46). Asbestos fibers fail to
transform other preneoplastic cell lines, such as
C3HM10T cells (48), and this is consistent with the ina-
bility of the fibers to induce gene mutations. Asbestos
fibers do induce early steps oftransformation(i.e., immor-
talization) of normal, diploid cells, which result in
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FIGURE 4. Scanning electron micrograph (A)and the corresponding backscatter electronimage(B), showingtheperinuclear accumulation ofcrocidolite
asbestos fibers by a Syrian hamster embryo cell 24 hr aftertreatment with 1Mig/cm2. N, nuclearregion, which is demarcatedbyprominentnucleoli
[asterisks (*)]; c, cytoplasm, x 1780. Reproduced from Hesterberg et al. (41) with permission.
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FIGURE 5. A normal (A) and an abnormal(B)anaphase from asbestos-treated Syrian hamsterembryo cells. Note the asbestos fibers(arrows), some
ofwhich appear to be associated with displaced chromosomes (arrowheads) in the abnormalanaphase. Reproduced fromHesterberg and Barrett
(42) with permission.
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FIGURE 6. Pathway ofneoplastic transformation ofSyrian hamster em-
bryo cells treated with asbestos or other carcinogens.
aneuploid cell lines. This is consistent with the ability of
fibers to induce chromosomal mutations including
aneuploidy (23,26).
In addition to activation of oncogenes such as ras and
myc, there is evidence that a second class of genes is in-
volved in the neoplastic transformation process. There is
increasing evidence forthe significance oftumor suppres-
sor genes, also termed anti-oncogenes or recessive on-
cogenes. Tumor suppressor genes are normal cellular
genes that act as negative regulators of tumor cell
proliferation in vivo and must be lost or inactivated in
neoplastic cells. In contrast protooncogenes are normal
cellular genes that are activated by mutations to become
oncogenes that act aspositive proliferative signals for ne-
oplastic cells (Table 7).
The importance oftumor suppressor genesis supported
by several different lines of evidence (46,49), which in-
clude: a) suppression oftumorigenicity in cell hybrids; b)
studies ofgenetic predisposition to cancer in humans and
animals; c)nonrandom chromosome losses or deletions in
specific tumors; d) loss ofheterozygosity ofspecific chro-
mosomal regions in tumors; and e) reversion ofthe malig-
nant state byinteractions oftumor cells with normal cells
or by treatment of tumor cells with certain chemicals,
growth factors, or differentiation-inducing substances.
We have shown that asbestos-induced immortal ham-
ster cells at early passages retain a tumor suppressor
gene function (50). At later passages, some ofthe cells lose
thisfunction, which can be measured by hybridization of
the cells with tumor cells. From the later passages ofthe
preneoplastic cells, subclones can be isolated that either
retain tumor suppressor gene function (sup-) or have lost
this ability (sup+). Sup - variants are 1000-fold more sus-
ceptible to neoplastic transformationby transfection with
the activated H-ras oncogene. These cells are also more
susceptible to spontaneous and carcinogen-induced trans-
formation, which supports the concept that loss of the
gene is essential for neoplastic conversion (45).
There is evidence that loss oftumor suppressor genes
and activation ofoncogenes areboth critical eventsin car-
cinogenesis. Asbestos and other mineral fibers are inac-
tive as gene mutagens and cannot activate oncogenesby
inducingpointmutations. However, they may cause chro-
mosome translocations or aneuploidy, resulting in in-
creased oncogene expression. Likewise, suppressor genes
are inactivated orlostby chromosome mutations, includ-
ing chromosome loss and deletions, and asbestos fibers
have been shown to induce these types of chromosomal
aberrations inmesothelial and other cell types. Thus, the
chromosomal mutations induced by carcinogenic fibers
may contribute to multiple steps in the development of
tumors caused by these agents.
Molecular Alterations in Human
Mesotheliomas
One approach to eludicating the mechanisms of as-
bestos carcinogenicity is to define the critical molecular
alterations in asbestos-induced cancers. As mesothelio-
mas are induced predominately, ifnot exclusively, as the
consequence ofasbestos exposure, these are ideal cancers
for this analysis. Recently, two significant alterations in
mesotheliomas have been reported that may shed light on
the mechanisms offiber carcinogenesis. Karyotypic ana-
lyses of human mesotheliomas (51,52) reveal multiple
chromosome changes. Chromosomes 1, 2, 3, 6, 11, 17, and
22 are most frequently involved in either numerical or
structural rearrangements. Chromosome mutations
caused by asbestos may be involved in the induction of
some of these changes. Among these chromosomal
changes, deletions, inversions, or translocations of chro-
mosome 3 are mostfrequent. The deletion orbreakpoints
in different tumors are variedbetween 3pl3 and p21. In-
terestingly, chromosome deletions and loss of heterozy-
gosity of this chromosomal region frequently are ob-
served in manylung cancers(53,54). Itispossible thatloss
of a tumor suppressor gene in this chromosome region is
a critical step in the carcinogenic process. We have re-
cently established a highly tumorigenic mesothelioma cell
line (Lamb and Barrett, unpublished), and attempts to
suppress this tumor by introduction of a normal human
chromosome 3 are in progress.
Table 7. Two classes of genes involved in carcinogenesis.
Protooncogenes Tumor suppressor genes
Involved in cellular growth and differentiation Function unknown but possibly involved in cellular growth and
differentiation (negative regulators of cell growth?)
Family ofgenes exists Family ofgenes exists
Must be activated (quantitatively or qualitatively in cancers Must be inactivated or lost in cancers.
Mutational activation by point mutation, chromosome Mutational inactivation by chromosome loss, chromosome
translocation or gene amplification deletion, point mutation somatic recombination or gene
conversion
Little evidence for involvement in hereditary cancers Clear evidence for involvement in hereditary and nonhereditary
cancers
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In collaboration with Y Suzuki and P. Chahinian atMt.
Sinai Hospital, we have also examined human
mesotheliomas for activated transforming genes by the
ability ofDNAfromthese tumors to neoplastically trans-
form NIH 3T3 cells (58). DNAs from three human
mesotheliomas, diagnosed by histochemical and ultra-
structural criteria, were isolated and cotransfected into
NIH 3T3 cells by the calcium phosphate precipitation
methodalongwith a cosmid vector DNA encodingresis-
tance to the antibiotic G418. Drug-resistant cells were
selected, and when sufficient cells were obtained (2
weeks), the cultures were injected into nude mice. Cul-
tures cotransfected with the cosmid vector and normal
DNA were nontumorigenic for up to 16 weeks after in-
jection; cultures treated with the mesothelioma DNAs
formedtumorsbetween 7and 14weeks. DNAs were iso-
latedfrom nude mouse tumors andretransfected without
additional cosmid vector. Secondary transfectants from
two tumorswere highlypositive inthe tumorigenicity as-
say withlatencyperiods of5 weeks. DNAsfrom the NIH
3T3 tumors were screened by Southern analyses for the
presence ofnewly acquired sequenceshomologous to the
H-ras, K-ras, or N-ras oncogenes, and hybridization was
onlyobservedforthe endogenous mousegenes. However,
theprimary and secondary transfectants did contain hu-
man sequences detectable by hybridization to an Alu
repetitive DNAprobe. These results indicate that human
mesotheliomas containactivated transforminggenesthat
are not members ofthe ras gene family. The cosegrega-
tion ofG418 resistance and tumorigenicity during secon-
dary transfection suggests that the transforming genes
and the cosmid vector are closely linked in at least two
NIH 3T3 tumors. Further experiments to characterize
and clone these genes by cosmid rescue are in progress.
Identification ofthe molecular basis for the activation of
this transforming gene or genes may yield new insights
into cancer and asbestos carcinogenicity.
Conclusion
Asbestos andothermineralfibers induce multipletypes
of cancers and are likely to act by multiple mechanisms.
Although asbestos fibers do not induce gene mutations,
they are active inducers ofchromosomal changes, which
may affect either activation ofprotooncogenes or inacti-
vation oftumorsuppressorgenes. Theidentification inhu-
man mesothelioma ofactivated transforming genes and
theloss ofaregion onthe short armofchromosome 3 are
indicative that protooncogenes and tumor suppressor
genes are altered in these cancers, and it will be impor-
tantinthefuture tounderstand the role ofasbestos fibers
in these alterations.
We thank Sandra Sandbergforherexpert typingandThomas Hester-
berg and Arnold Brody for their comments.
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